Myocardial ischaemia and reperfusion (I-R) is clinically relevant to conditions such as myocardial infarction (MI), coronary angioplasty, thrombolytic therapy, coronary revascularization and heart transplantation. The reperfusion, although clearly beneficial for the heart, is associated with myocardial injury[@ref1]. Myocardial ischaemia and reperfusion has been reported to be associated with increased generation of reactive oxygen species (ROS). These ROS result in depletion of endogenous antioxidant network, membrane permeability changes resulting in increased lipid peroxidation products and consequently, depressed contractile function[@ref2][@ref3]. Among several pharmacological agents, angiotensin converting enzyme (ACE) inhibitors are shown to be useful in attenuation of ventricular remodelling and reducing infarction and incidences of reperfusion-induced arrhythmias[@ref4]. Benazepril, an ACE inhibitor has been shown to ameliorate cardiac dysfunction and oxidative stress in ischaemic myocardium owing to its antioxidant property[@ref5]. In view of the critical role of oxidative stress in I-R injury, extensive effort has been made to develop therapies and interventions with antioxidants, which may attenuate or reduce oxidative stress and consequent cardiac dysfunction[@ref6][@ref7]. Studies have demonstrated the effectiveness of medicinal plants and phytochemicals as a phytotherapeutic agent in ischaemic heart disease as these serve as excellent candidates against oxidative stress associated conditions[@ref8]--[@ref10].

*Andrographis paniculata* Nees (Family; *Acanthaceae*), popularly known as '*Kalmegh*' a common Indian dietary component, has been used in Indian and Chinese traditional medicine[@ref11]. Pharmacological studies have demonstrated its hepatoprotective[@ref12], anti-inflammatory[@ref13], immunostimulant[@ref14], antihy-perglycaemic[@ref15] and cardioprotective properties[@ref16][@ref17]. The active component of *A. paniculata* such as diterpenoids compounds (andrographolide, 14-de-oxy-11, 12-didehydro andrographolide and neo-andrographolide), collectively termed as andrographolides have shown several pharmacological properties including antioxidant, vasorelaxant, antiplatelet, hypotensive and anti-inflammatory activities[@ref11][@ref18]. Andrographolide has also been shown to protect against hypoxia-reperfusion injury in neonatal rat cardiomyocytes[@ref19]. Phytotherapeutic studies have revealed that whole herb extract is an effective modality for therapeutic and preventive purposes due to its complex composition and interactions, which may modulate signal transduction and metabolic pathways[@ref8][@ref20]. Though, available preliminary studies indicate its cardioprotective potential in myocardial injury, the possible mechanism involved in cardioprotection remains obscure. The functional and biochemical alterations which occur during MI in humans are experimentally represented in a clinically relevant animal model involving left anterior descending coronary artery (LADCA) ligation-induced ischaemia and reperfusion (I-R) injury[@ref12]. Therefore, the present study was carried out to assess the preventive effects of hydroalcoholic extract of *A. paniculata* against LADCA ligation induced I-R injury measuring haemodynamic, biochemical and histopathological parameters in rats. Benazepril was used as a reference drug.

Material & Methods {#sec1-1}
==================

All chemicals used in present study were obtained from Sigma Chemicals, USA. Lyophilized hydroalcoholic extract of *A. paniculata* was procured from Sanat Laboratories, New Delhi, India. The total andrographolide content determined in the extract was not less than 10 per cent w/w. The dose of *A. paniculata* (200 mg/kg) used in the present study was selected on the basis of a previous pilot study[@ref21] in the isoproterenol model of myocardial injury in rats. Benazepril 30 mg/kg was selected on the basis of a previous published report showing its cardioprotective activity against I-R injury[@ref5].

*Experimental animals*: Male Wistar albino rats (10 to 12 wk old, weighing 150 to 200 g) obtained from Central Animal House Facility, All India Institute of Medical Sciences, New Delhi were used in the study. The study protocol was reviewed and approved by the Institutional Animal Ethics Committee. The animals were housed at standard laboratory conditions and fed diet and water *ad libitum*.

*Experimental design*:

Group I (Sham) - Rats were administered 0.9 per cent saline (2 ml/kg/day) once daily for 31 days and on 31^st^ day underwent the entire surgical procedure except LADCA ligation or reperfusion.

Group II (I-R control) - Rats were administered normal saline (0.9%) orally for 31 days and on 31^st^ day underwent LADCA ligation for 45 min followed by 60 min of reperfusion.

Group III (Benazepril) - Rats were administered benazepril (30 mg/kg) orally for 31 days and on 31^st^ day underwent LADCA ligation for 45 min followed by 60 min of reperfusion.

Group IV (*A. paniculata* 200 mg/kg) - Rats were administered hydroalcoholic extract of *A. paniculata* (200 mg/kg) orally for 31 days and on 31^st^ day underwent the entire surgical procedure except LADCA ligation or reperfusion.

Group V (*A. paniculata* 200 mg/kg + I-R) - Rats were administered *A. paniculata* (200 mg/kg) orally for 31 days and on 31^st^ day underwent LADCA ligation for 45 min followed by 60 min of reperfusion.

*Assessment of haemodynamic parameters*: Myocardial ischaemia was produced by a temporary tightening of the silk ligature around the LADCA[@ref9]. Briefly, rat was anaesthetized, ventilated and right carotid artery was cannulated and connected to CARDIOSYSCO-101 (Experimentria, Hungary) using a pressure transducer for the measurement of mean arterial pressure (MAP) and heart rate (HR). A left thoracotomy was performed and a wide bore (1.5 mm) sterile metal cannula connected to a pressure transducer (Gould Statham P23ID, USA) was inserted into the cavity of the left ventricle for recording left ventricular pressure dynamics, such as left ventricular end diastolic pressure (LVEDP); peak positive pressure development \[(+)LVdP/dt\], and peak negative pressure decline \[(-)LVdP/dt\], representing preload, contractility and relaxation, respectively on Polygraph (Grass 7D, USA). Myocardial ischaemia was produced by one stage occlusion of the LADCA, 1-2 mm below the junction of pulmonary conus by pressing the polyethylene tubing against the ventricular wall. This was designated time point zero. The animals then underwent 45 min of ligation-induced ischaemia and further the myocardium was reperfused by releasing the snare gently for a period of 60 min. After completion of reperfusion, the animals were sacrificed and the heart was excised for biochemical and histopathological studies.

*Biochemical analysis of heart*: An aliquot of 0.5 ml of heart homogenate was used for assay of reduced glutathione (GSH)[@ref22] and malondialdehyde (MDA)[@ref23]. The remaining homogenate was centrifuged and supernatant was used for the estimation of myocardial superoxide dismutase (SOD)[@ref24], catalase (CAT)[@ref25], glutathione peroxidase (GPx)[@ref26], creatine-phospokinase-MB (CK-MB)[@ref27] isoenzyme, lactate dehydrogenase (LDH)[@ref28] and protein[@ref29].

*Assessment of histopathology of myocardium*: Formalin fixed paraffin embedded tissue sections were stained with hematoxylin and eosin (H&E) and observed under light microscope.

*Statistical analysis*: Data were analyzed using ANOVA followed by Bonferroni multiple range test. *P*\<0.05 was considered statistically significant. The paired data were compared using Student\'s *t*-test.

Results {#sec1-2}
=======

There was no significant difference in baseline values among different experimental groups. The mortality rate of 8 per cent was observed in the I-R control group. The reasons for mortality were reperfusion-induced arrhythmias or erroneous cannulation.

*A. paniculata per se* did not show significant effect on functional parameters, antioxidants, myocyte injury marker enzymes, lipid peroxidation and histopathology of the myocardium. In I-R control group, 5 min after ligation a significant increase in MAP was observed, it decreased at 45 min of ischaemia and slightly increased after reperfusion but again declined throughout the reperfusion period compared to sham group ([Fig. 1a](#F1){ref-type="fig"}). *A. paniculata* pretreatment significantly restored MAP as compared to I-R control group at the end of ischaemia as well as reperfusion period ([Fig. 1a](#F1){ref-type="fig"}). Similarly, a significant decrease in HR was observed after ligation and upon reperfusion, there was a slight increase. However, it declined further and remained significantly (*P*\<0.05) depressed throughout the reperfusion in I-R control group as compared to sham group ([Fig. 1b](#F1){ref-type="fig"}). Pretreatment with *A. paniculata* significantly increased HR at the end of ischaemia (at 45 min) and reperfusion (at 60 min) both as compared to I-R control group ([Fig. 1b](#F1){ref-type="fig"}). The improvement in MAP and HR with *A. paniculata* was comparable to benazepril treatment.

![Effect of *A. paniculata* pretreatment on (**a**) mean arterial pressure (MAP), (**b**) heart rate (HR) (**c**) contractility \[(+)LVdP/dt\], (**d**) relaxation \[(-)LVdP/dt\], and (**e**) left ventricular end diastolic pressure (LVEDP) during ischaemia-reperfusion.\
N=8; values are mean ± SEM. \**P*\<0.05, when compared to sham; \*\**P*\<0.05, when compared to I-R control, \#\<0.05, when compared to I-R control.](IJMR-135-414-g001){#F1}

*Effect of *A. paniculata* on left ventricular function*: In I-R control group, on ligation (at 5 min), a significant depression in (+)LVdP/dt was recorded and it remained depressed till the end of ischaemia (at 45 min). Upon reperfusion (at 5 min), (+)LVdP/dt increased slightly but significantly (*P*\<0.05) declined further as compared to sham ([Fig. 1d](#F1){ref-type="fig"}). Similar to contractility, a significant depression in (-)LVdP/dt was also recorded in the I-R control group as compared to sham ([Fig. 1c](#F1){ref-type="fig"}). Pretreatment with *A. paniculata* significantly improved (+)LVdP/dt ([Fig. 1d](#F1){ref-type="fig"}) and (-)LVdP/dt ([Fig. 1c](#F1){ref-type="fig"}), both at the end of ischaemia and reperfusion as compared to I-R control group. The improvement in (+)LVdP/dt and (-)LVdP/dt with *A. paniculata* pretreatment were observed similar to benazepril treatment in ischaemia as well as reperfusion period. In I-R control group after ligation (at 5 min), an abrupt increase in LVEDP was observed which remained elevated till the end of the ischaemia. Upon reperfusion, no significant reduction in LVEDP was observed as comparison to sham group ([Fig. 1e](#F1){ref-type="fig"}). *A. paniculata* pretreatment significantly reduced the LVEDP along with other altered ventricular functions as compared to the I-R control group, similar to benazepril treatment ([Fig. 1e](#F1){ref-type="fig"}).

*Effect of A. paniculata on antioxidant status*: In I-R control group, a significant (*P*\<0.05) decrease in the activities of SOD, CAT GPx and GSH was observed compared to sham group ([Table I](#T1){ref-type="table"}). Pretreatment with *A. paniculata* caused restoration of myocardial antioxidants. Benazepril also significantly (*P*\<0.05) restored the SOD, GSH and GPx in comparison with I-R control group.

###### 

Effect of *A. paniculata* pretreatment on myocardial antioxidants

![](IJMR-135-414-g002)

I-R induced a significant (*P*\<0.05) increase in lipid peroxidation product, MDA as compared to sham group ([Table II](#T2){ref-type="table"}). However, *A. paniculata* significantly inhibited lipid peroxidation, MDA in comparison with I-R control group. In I-R control group, a significant (*P*\<0.05) decrease in myocardial CK-MB isoenzyme and LDH was observed as compared to sham group ([Table II](#T2){ref-type="table"}). However, pretreatment with *A. paniculata* significantly prevented the leakage of CK-MB isoenzyme and LDH activities as evidenced by reduced depletion of CK-MB and LDH from heart as compared to I-R control group ([Table II](#T2){ref-type="table"}). Benazepril treatment also showed similar effect.

###### 

Effect of *A. paniculata* pretreatment on myocyte injury markers and lipid peroxidation

![](IJMR-135-414-g003)

*Effect of A. paniculata on myocardial histopathology*: The histopathological observations were graded on the basis of myonecrosis, inflammatory cells and oedema and scored as (-) nil, (+) mild, (++) moderate and (+++) severe. Sham group showed normal histoarchitecture of myocardium with no evidence of oedema, myonecrosis and inflammatory cells ([Fig. 2a](#F2){ref-type="fig"}). However, I-R control group ([Fig. 2b](#F2){ref-type="fig"}) showed marked myocardial necrosis, membrane damage, infiltration of inflammatory cells, extravasation of RBCs, oedema and inflammation compared to sham group. Animals pretreated only with *A. paniculata* ([Fig. 2c](#F2){ref-type="fig"}) showed a normal myocardial histoarchitecture resembling to sham group. Benazepril markedly reduced myonecrosis, oedema and inflammation ([Fig. 2d](#F2){ref-type="fig"}). Similarly, rats pretreated with *A. paniculata* showed distinct protection from I-R injury as evidenced by reduced oedema, myonecrosis and infiltration of inflammatory cells ([Fig. 2e](#F2){ref-type="fig"}).

![Light micrograph (H&Ex100) of rat\'s myocardium **(a)** Sham group showing normal histoarchitecture of myocardium, **(b)** I-R control group showing confluent necrosis of myofibrils, edema and infiltration of inflammatory cells with extravasations of red blood cells, **(c)** Benazepril 30 mg/kg showing reduced myonecrosis, oedema and infiltration of inflammatory cells, **(d)** *A. paniculata* 200 mg/kg pretreatment showing normal histoarchitecture of myocardium and **(e)** *A. paniculata* 200 mg/kg + I-R group showing resemblance to normal myocardial histoarchitecture with lessened necrosis and oedema.](IJMR-135-414-g004){#F2}

Discussion {#sec1-3}
==========

Our results showed that pretreatment with *A. paniculata* reduces myocardial I-R injury in rats by reducing myonecrosis, oedema and inflammation along with improving cardiac function and tissue defense network. The LADCA ligated ischaemia and reperfusion model of myocardial infarction is a useful experimental tool in the development and assessment of anti-ischaemic interventions[@ref30].

Numerous studies have demonstrated that I-R injury is related to the formation of oxygen derived free radicals and lipid peroxidation in the myocardium[@ref1]--[@ref3]. To defend against free radicals mediated injury, heart like many other organs is equipped with its own defensive system, which includes SOD, CAT and glutathione redox network[@ref6][@ref7]. In our study, a significant elevation in the level of stable degradation product of the oxygen derived free radicals and lipid peroxides, MDA depicts the myocardial membrane damage due to I-R induced injury. Besides MDA, a significant decrease in levels of SOD and CAT further confirmed the occurrence of oxidative stress in I-R control group. Following I-R injury, an abrupt depletion of GSH along with a concomitant decrease in GPx depicts a destabilized antioxidant milieu of heart.

Present study showed that pre-treatment with *A. paniculata* reduced the formation of MDA in myocardium induced by I-R, and a significant rise in the activities of SOD and CAT. The activities of SOD and level of MDA have been shown correlated negatively and a similar trend was observed in present study[@ref9]. Further, an increase in GSH with concomitant restoration of GPx activity by *A. paniculata* pre-treatment indicates induction of glutathione antioxidant network as shown earlier[@ref19]. Benazepril pretreatment has been also observed to restore the antioxidant enzymes and decrease lipid peroxidation in agreement to previous study[@ref5].

I-R induced myocardial injury caused a significant decrease in myocytes specific injury marker enzymes, CK-MB isoenzyme and LDH. Leakage of CK-MB isoenzyme and LDH from myocardial tissues to blood is diagnostic of acute myocardial infarction. Alteration in myocardial membrane integrity, fluidity and permeability following lipid peroxidation has been believed to be a reason for the leakage of myocytes injury marker enzymes[@ref31]. *A. paniculata* pre-treatment prevented the leakage of CK-MB isoenzyme and LDH enzyme attributed to inhibition of lipid peroxidation and preservation of myocardial membranes.

It is well documented that increased generation of ROS during I-R injury results in haemodynamic impairment and left ventricular dysfunction[@ref9]. In the present study, following myocardial I-R injury, a significant fall in MAP, HR, (+)LVdP/dt, (-)LVdP/dt and a striking elevation in LVEDP indicated haemodynamic impairment and ventricular dysfunction similar to previous studies[@ref9]. The (-)LVdP/dt was significantly depressed following I-R injury indicating a diastolic dysfunction. In the conditions of I-R, deteriorated myocardial contractile function may causes significant fall in MAP. Normally, a fall in MAP due to coronary occlusion is expected to increase HR, and myocardial contractility by activating the baroreceptor reflex, which may subsequently result in reflex vasoconstriction and thus worsening the imbalance, between myocardial oxygen demand and supply[@ref9]. However, none of these effects have been observed in the present study due to I-R induced injury to inotropic and chronotropic function of the heart. The heart rate was observed depressed throughout I-R indicating the injured state of myocardium following I-R induced myocardial injury.

Benazepril treatment showed a decrease in LVEDP and improved MAP as well as contractility and relaxation in comparison to I-R control group. The restorative effect of benazepril on altered haemodynamics and ventricular function is indicative of its cardioprotective effect[@ref5]. *A. paniculata* pre-treatment not only decreased LVEDP (a marker of preload), but also preserved the left ventricular function contractility and relaxation as evidenced by increased (+)LVdP/dt (inotropic effect) and (-)LVdP/dt (lusitropic effect).

In previous studies[@ref10][@ref11], andrographolide has been demonstrated to exhibit potent antihypertensive activity by reducing MAP and HR. It is likely that the profound hypotension caused by *A. paniculata* may potentially trigger cardioprotective response by opening of the vanilloid transient receptor potential (TRPV) channels implicated in osmoregulation and regulation of vascular tone[@ref32]. TRPV activation has been considered to result in smooth muscle hyperpolarization and arterial dilation by the increased number of Ca^2+^ sparks that activate large conductance, Ca^2+^-activated K^+^ channels, and the resulting increase in potassium current causes hyperpolarization and arterial dilation. This may be an underlying cause for decrease in blood pressure with the use of andrographoliode rich extract used in the present study. Simultaneously, the vasorelaxant, antioxidant and antiplatelet effect of *A. paniculata* may be attributed to its cardioprotective effect[@ref11][@ref18]. Apart from improvement in functional and biochemical parameters, histopathological observations further supported the cardioprotective effect of *A. paniculata*. Appearance of the near normal morphology of cardiomyocytes on pretreatment with *A. paniculata* demonstrates the myocardial salvaging effect of *A. paniculata* and was comparable with benazepril.

In conclusion, the present findings substantiated cardioprotective potential of *A. paniculata* against I-R injury of myocardium in rats. Restoration of antioxidants, favourable recovery of haemodynamics and ventricular function along with preservation of myofibers were shown to underlie the cardioprotective effect of *A. paniculata*. Further well controlled clinical studies are warranted to translate these results in humans.
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